Background. The association of HLA mismatching with kidney allograft survival has been well established. We examined whether amino acid (AA) mismatches (MMs) at the antigen recognition site of HLA molecules represent independent and incremental risk factors for kidney graft failure (GF) beyond those MMs assessed at the antigenic (2-digit) specificity. Methods. Data on 240 024 kidney transplants performed between 1987 and 2009 were obtained from the Scientific Registry of Transplant Recipients. We imputed HLA-A, -B, and -DRB1 alleles and corresponding AA polymorphisms from antigenic specificity through the application of statistical and population genetics inferences. GF risk was evaluated using Cox proportional-hazards regression models adjusted for covariates including patient and donor risk factors and HLA antigen MMs. Results. We show that estimated AA MMs at particular positions in the peptide-binding pockets of HLA-DRB1 molecule account for a significant incremental risk that was independent of the well-known association of HLA antigen MMs with graft survival. A statistically significant linear relationship between the estimated number of AA MMs and risk of GF was observed for HLA-DRB1 in deceased donor and living donor transplants. This relationship was strongest during the first 12 months after transplantation (hazard ratio, 1.30 per 15 DRB1 AA MM; P < 0.0001). Conclusions. This study shows that independent of the well-known association of HLA antigen (2-digit specificity) MMs with kidney graft survival, estimated AA MMs at peptide-binding sites of the HLA-DRB1 molecule account for an important incremental risk of GF.
G enes encoding classical HLA molecules are extremely polymorphic, such that as of October 2015 classical HLA loci include over 13 800 allelic variants. 1 HLA allele names are defined as 4 digit numbers that represent a unique protein sequence; the first 2 digits describe each allele's serologic specificity and the last 2 digits identify successive protein variants within that specificity. In 2010, the nomenclature was updated by defining each domain as a colon-delimited field. 1 Most polymorphisms are associated with the peptide-binding residues of the HLA class I and class II molecules. 2 Allelic variations among these HLA molecules are the source of differential peptide binding, thymic selection, and alloreactivity. [2] [3] [4] [5] [6] Until now, renal transplant HLA matching has focused on antigenic determination. These serologic specificities depend largely upon polymorphic solvent exposed amino acid (AA) residues of the antigen recognition site but may also be influenced by unexposed peptide binding sites impacting T cell allorecognition [4] [5] [6] and alloantibody reactivity. 7, 8 HLA matching between donors and recipients improves the outcome of kidney transplantation. The best outcomes are observed when the donor organ has no mismatches (MMs) with the recipient at any of the 6 loci of the HLA-A, −B, and -DRB1 antigens. 9, 10 The relative risk of graft failure (GF) is weakly related to the number of HLA-A or -B antigen MMs, but more strongly associated with increases in the number of antigen MMs at HLA-DRB1. [11] [12] [13] [14] [15] This conventional approach to HLA matching does not take into account how closely the mismatched HLA specificities are at AA polymorphic sites; with any given HLA antigen (2-digit specificity) MM, there is significant variability in the degree of AA MMs at the antigen recognition site that could dramatically impact allorecognition. 5, [16] [17] [18] [19] [20] Increasing attention is being focused on the importance of HLA epitope matching strategy to improve kidney transplantation outcomes. [21] [22] [23] [24] [25] [26] [27] [28] [29] A few of these studies suggested that the degree of HLA disparity between a given donor and recipient pair is better expressed at the level of AA disparity than by the conventional antigen matching approach. 21, 22, [25] [26] [27] 29 However, the validity of these studies has been questioned, and it was suggested instead that the apparent benefit of epitope matching is dependent on underlying HLA serologic matching. 26, 30 We postulated that HLA MMs at the level of antigenic specificities do not fully describe the risk of kidney GF that may be related to biologically important AA substitutions in HLA molecules between donors and recipients.
In this study, we applied a novel approach using multiple imputations to infer HLA-A, -B, and -DRB1 alleles and corresponding AA polymorphisms from antigenic specificity through the application of computational and statistical methods. We examined the association of HLA-A, -B, and -DRB1 MMs at the AA level with kidney allo GF after adjusting for HLA antigen MMs. We discuss our findings in the context of structural and functional correlates of AA polymorphism at the antigen recognition site of HLA-DRB1 molecules, and the potential application of this approach to the complexity of HLA polymorphism in relation to kidney transplantation.
MATERIALS AND METHODS

Imputation of HLA Alleles and HLA AA MMs
We used a multistep process to impute from 2-digit HLA specificity, HLA-A, -B and -DRB1 alleles (4-digit specificity) and the corresponding AA polymorphisms localized in the antigen recognition site as described in the Supplemental Digital Content, pages 5-6, SDC, http://links.lww.com/TP/B402. During this process, we used a previously validated computational method for estimating HLA alleles based on HLA haplotype frequencies data set for broad US racial groups (African Americans, Caucasians, Hispanic, and Asians). 31 Using this method, we imputed HLA-A, -B, and -DRB1 alleles (4-digit specificity) corresponding to each HLA antigen of recipient and donors obtained from the Scientific Registry of Transplant Recipients (SRTR). We then produced the corresponding assignment of AA polymorphic sites of these HLA alleles by converting each allele to its constituent AA variants using the allele alignment data from the International Graft and patient status were reported on each recipient at hospitalization discharge, at 6 months posttransplant, at 1 year posttransplant, and annually thereafter. The completeness of follow-up both with and without extra ascertainment for GF and death was previously published.
33,34
Statistical Analysis
All statistical analyses were performed using SAS version 9.3. We determined GF rates using Cox proportional-hazards regression. Models were fitted to investigate predictors of early GF (eg, during the first year after transplant), conditional GF predicated on 1-year graft survival, and overall GF. All of the primary analyses considered any instance of GF, including recipient death, as an outcome.
All analyses were adjusted for known confounding patient and donor variables including HLA antigen MMs (SDC, http://links.lww.com/TP/B402 on page 9-11). Model building started with factors shown to be predictive of GF in the 2010 Program Specific Reports (PSR) published by the SRTR. The development and use of these models has been reported previously. 35 The same process that was used for PSR model refinements was adapted for the purposes of this study. PSR models were modified to allow for follow-up longer than 3 years. 35 Because we were testing a large number of variables and interactions on an extremely large data set, we used Bonferroni-style correction on the many HLA AA MM indicators to avoid the multiple-comparisons problem. Additional details about these analyses are provided in the Methods, SDC, http://links.lww.com/TP/B402.
Separate statistical analyses involving the imputed AA MMs at antigen recognition sites were carried out to test the sensitivity and reproducibility of the analyses. The first analysis used a MM variable for each transplant which represented the expected number of AA MM. This variable was constructed by combining the probability of an AA MM at each HLA-A, -B, and -DRB1 locus using the formula: X = 0 * P(0MM) + 1 * P(1MM) + 2 * P(2MM). A total of 125 sites had a mean composite X ≥ 0.01 within at least 1 racial group. The mean frequency of expected HLA-A, -B, and -DRB1 AA mismatched sites by race is shown in Table 1 . The GF model, using the AA MM variables adjusted for HLA antigen MM variables (0 ABDRB1 MM; 0 A MM, 1 A MM; 0 B MM, 1 B MM; 0 DRB1 MM, and 1 DRB1 MM; with 2 MM being the reference range for each HLA locus) and comorbidity factors was run one at a time for each of the 125 AA variable sites of the HLA-A, -B, and -DRB1 molecules. A Cox proportional hazards regression model of time to GF was then fitted to estimate the cumulative risk of GF associated with each additional statistically significant AA MM site identified above; models were analyzed separately for deceased donors and for living donors and by donor/recipient race, adjusted for all donor/recipient characteristics including the HLA antigen MM variables (SDC, http://links.lww.com/TP/B402 on page 9-11).
In the second approach, we used summarized data over 10 separate analyses of imputed AA MMs at the antigen recognition sites based on the estimated probabilities of AA MM. Because the estimated probabilities of the dominant alleles are very high, we performed Cox regression analysis 10 times based on the randomly imputed HLA alleles and combined the results using the SAS MIANALYZE procedure. 36, 37 This approach provides an overall estimate with a combined confidence interval (CI) of the association of AA MM with GF based on the within-imputation standard errors and the between-imputation variability. Because the variances of the estimated risk across the 10 imputations were very small, we therefore chose to report our results based on 10 imputations. The established use of up to 10 imputations suffices under most realistic circumstances; it is unnecessary to use hundreds of imputations. [38] [39] [40] To refine analyses using the sum of the MMs, a double MM among each 2 highly correlated MM sites was not counted as 2 separate MMs because we cannot distinguish their association with GF. The HLA-DRB1 variable sites included in this model are listed in Figure 2 and Table 3 .
Stepwise Model Using Individual AA-Mismatched Sites A stepwise Cox model using imputed individual AA mismatched at the antigen recognition site was run separately for deceased donor and living donor transplants. A forward selection was applied; the demographics, comorbidity conditions, and HLA antigen MM variables were forced, and individual sites were added and subtracted according to a threshold P value of 0.05. A stepwise approach was separately performed in the model-building process in the 2 statistical analyses described above. In the data set generated from 10 imputations, the adjusted hazard ratio (HR) using the stepwise model was calculated by combining the estimates of AA variables that were consistently selected by the procedure in all 10 of the imputations using the SAS MIANLAYZE procedure (SAS software, version 9.3). Model results were adjusted for different covariates in each imputation including recipient factors, donor factors, HLA antigen MMs, and the other significant AA MM variables for each HLA-A, -B, DRB1 locus. The distribution of the estimated HLA-A, -B, and -DRB1 AA MM count at the antigen recognition sites by recipient race, HLA antigen MMs, and donor type are shown in Table 1 . The expected number of MM sites for each HLA locus was very similar among different recipient races. The bulk of AA MMs was a consequence of antigen MMs; additional MMs due to allele-level (first 2 fields, classically 4-digit specificity) disparity were limited to 1 to 3 sites. This observation is not unanticipated because some recipients with zero HLA-A, -B, -DRB1 antigen MMs were likely to be matched at the allele (4-digit specificity) level, and that for recipients who had MMs only at the allele (4-digit specificity) level, the expected number of AA MMs is known to be very small. 42, 43 Although overall the estimated number of AA MM is higher in 2 antigen MM compared with 1 antigen MM, there is a significant overlap in the estimated number of AA MM between these 2 categories of antigen MMs (Table 1 , IQR, 90 and 95 percentiles). Notably, with any given HLA antigen MM, there is significant variability in the degree of AA MMs at peptide-binding sites including pockets in the binding groove (SDC, http://links.lww.com/ TP/B402 on page 12-13 and Table S2 ). Thus, AA MMs at biologically important sites provide a more accurate assessment of the structural disparity in the HLA molecules than counting mismatched antigens (0, 1, or 2 MMs); this is consistent with a previous study using the HLA-DRB1 eplet matching algorithm. 29 The Association of HLA-A, -B, and -DRB1 AA MMs With GF Graft survival based on a Cox proportional-hazards model using mean numbers of expected AA MMs was run one at a time for each HLA-A, -B, -DRB1 locus and AA polymorphic site (without any other locus/position variables in the model) adjusted for comorbidity factors (Table S3 , SDC, http://links. lww.com/TP/B402). Afterward, a Cox proportional-hazards regression model of time to GF was fitted to estimate the cumulative risk of the statistically significant AA MM sites for each HLA locus identified in the analysis above, adjusted for the other HLA-A, -B, and -DRB1 AA variables per locus/ position. A statistically significant linear relationship was observed between the estimated number of HLA-DRB1 AA MMs and GF for both deceased and living related donor kidney transplants (Figure 2) . The initial slope of HLA-DRB1 (P < 0.0001) indicates increasing risk through the entire range of AA MM with no significant change in the curve at 5 MMs. For living donor transplants, the initial slope of HLA-DRB1 (P = 0.06) suggests possible increasing risk from 0 to 5 MM with no significant change at 5 MMs (Figure 2 ). For living unrelated donor transplants, none of the initial slopes or spline factors reached significance (data not shown). Estimated HLA-DRB1 amino MMs were generally consistently associated with increased risk of GF in several groupings defined by AA loci, donor type (living and deceased donors), donor race, recipient race, and recipient panelreactive antibody level (<10% and >10%). There were however, exceptions when dealing with smaller categories, for example, transplants limited to deceased Asian donors with Asian recipients (see page 13 and 14 and Table S3 , SDC, http:// links.lww.com/TP/B402).
In a second analysis, Cox models of each of 10 separate data sets with imputed AA variables were used to evaluate the adjusted HR of GF by sum of AA MMs in HLA-A, -B, and -DRB1 loci, using a continuous sum of AA MMs and FIGURE 2. Association of HLA-DRB1 AA MMs with GF in separate posttransplantation intervals. This figure shows adjusted, log-scale HRs of GF by expected number of HLA-DRB1 AA MMs; models are based on 10 imputations as described in the Materials and Methods; figure shows results of models of all races combined. Zero HLA-A, -B, -DRB1 antigen mismatched transplants were excluded from these analysis. Estimated HRs were calculated based on 0 MMs as the reference using the modeled linear slopes in the log hazard, in a single model adjusted for patient risk factors, donor risk factors, and HLA-A, -B, and -DRB1 antigen MMs. The linear terms for HLA-DRB1 were statistically significant (P < 0.0001) for both models of GF in the first year after transplant as well as 1+ years posttransplant (all transplants combined). The AA MM variables evaluated in this analysis were selected by arbitrarily including only 1 site for each 2 highly correlated AA mismatched sites (r 2 > 0.70) at each HLA locus. The following 23 variable sites were used for HLA-DRB1: positions 9, 10, 13, 14, 16, 26, 28, 31, 32, 33, 37, 38 splines at 5 and 10 MMs, for HLA-A, B and DRB1. Each imputed data set was analyzed separately in a Cox model and the data generated from the 10 imputation sets was combined as described in the Materials and Methods. As in the previous model, in deceased donor transplants, a statistically significant (P = 0.04) linear relationship between the imputed HLA-DRB1 AA MMs and increased risk of GF was found. For living related donors, the initial DR slope was borderline significant (P = 0.07), and no other slopes or splines were significant ( Figures S1A and S1B , SDC, http://links.lww.com/ TP/B402). The results obtained from the 2 Cox models of deceased donor transplants were similar and showed an increased risk of GF associated with increasing numbers of estimated DRB1 AA MMs (HR, 1.15 per 10 DRB1 MMs in the first model, and 1.10 per 10 DRB1 MMs in this second model). Additionally, a Cox model adjusted for each donor type showed that the interaction between HLA AA MMs versus deceased donor and living donor transplants was highly significant in all 10 imputations; estimates of the HRs (and 95% CIs) adjusted for all confounding factors included in the model are provided on pages 14-15 and Table S4 , SDC, http://links.lww.com/TP/B402.
The Association of HLA AA MMs with GF by Posttransplantation Interval
The relationship between the imputed HLA-DRB1 AA MMs and the adjusted HR of GF was stronger in the first posttransplant year than it was after the first year ( Figure 1 , and Table S5 , SDC, http://links.lww.com/TP/B402). In the first year posttransplant interval, the linear terms for HLA-DRB1 (P < 0.0001) were statistically significant (HR, 1.30 per 15 DRB1 AA MMs; P < 0.0001). After the first posttransplant year, the linear terms for HLA-DRB1 (P < 0.0001) were statistically significant; but the HR was weaker than in the first year posttransplant (HR, 1.10 per 15 DRB1 AA MMs; P < 0.0001).
The association between the imputed DRB1 AA MM and increased risk of GF by calendar year of transplant, restricted to when molecular typing was introduced, is reasonably consistent (ie, positive and of similar magnitude) within each year of transplant suggesting that differences in demographics or HLA typing methods over time had no significant effect ( Figure S2 , SDC, http://links.lww.com/TP/B402).
Joint Risk of GF Associated With HLA AA MMs at Multiple Sites
A stepwise approach was separately performed in the model-building process in the 2 statistical analyses used in this study as described in the Materials and Methods. In the first approach, the expected AA MM variables that were found to be statistically significant (see pages 15-16 and Table S3, SDC, http://links.lww.com/TP/B402) were entered in the model. A Cox proportional-hazards regression model of time to GF was then fitted to estimate the cumulative risk associated with the statistically significant AA MM sites identified for each HLA locus. This analysis showed an increased risk of GF associated with MMs at AA positions that make up the pockets in the peptide-binding groove of HLA-DRB1 molecules (Table 2 ). These findings were confirmed using a stepwise model based on 10 separate analyses of the imputed HLA alleles (see page 17 and Table S6 , SDC, http://links.lww.com/TP/B402). The combined estimates of the HLA AA MM sites that were consistently selected in all 10 of the imputations using the stepwise model are summarized in Table 3 . In deceased donor transplants, HLA-DRB1 sites include (in numerical order): position 28 (pocket 7) (HR, 1.02; 95% CI, 1-1.04; P = 0.021) and 74 (pocket 4) (HR, 1.03; 95% CI, 1.01-1.05; P = 0.003). In addition, position 10 has also a significant association with GF (HR, 1.04; 95% CI, 1.03-1.06; P < 0.0001); it is noteworthy that MMs at these positions are highly correlated with other MMs at AA sites that are located in pockets 4, 6, and 9 in the peptide-binding groove of HLA-DRB1 molecule (Table 3 and Figure 3 ). In living donor transplants, position 13 (pockets 4 and 6) was significantly associated with increased risk of GF (HR, 1.06; 95% CI, 1.02-1.1; P = 0.002).
DISCUSSION
We showed consistently statistically significant linear associations between the number of imputed HLA-DRB1 AA a Due to the well-known complex linkage disequilibrium patterns of polymorphic AAs in the peptide binding site of HLA-DRB1 molecule, the inclusion of one over the other of 2 highly correlated MM sites can be influenced by which variables is retained in the model during prior steps in the selection process. Correlations of imputed HLA AA MMs for HLA-DRB1 was evaluated using a Pearson correlation between the probabilities of no MM at 1 position compared with the probability of no MM at another position using a sample size of 23 095 donor-recipient pairs from the cohort examined in this study. The observed highly correlated AA MM sites for each HLA-DRB1 locus is due to the well-known complex linkage disequilibrium patterns of the polymorphic AAs in the binding site of HLA class I and class II molecules. MMs and the risk of GF in kidney transplant recipients based on a very large registry data set. Models were adjusted for key donor and recipient covariates that influence outcome including antigen mismatching (HLA-A, -B, and -DRB1 2-digit specificity). Thus, this incremental risk was independent of the well-known association of HLA-DRB1 antigen MM with graft survival. 45 The linear relationship between the number of imputed AA MMs and GF suggests a synergy between mismatched AAs associated with allograft survival. Although overall, this incremental risk appears to be modest, it is actually much stronger when the number of imputed AA MM exceeds 10 during the first year after transplantation (Figure 1 ; HR = 1.30 per 15 DRB1 AA MM; P < 0.0001); this incremental risk is not insignificant compared to 1.15 and 1.26 relative risk of GF with 1 or 2 DRB1 MMs, respectively. 45 These findings are consistent with previous studies showing that the association of HLA-DRB1 antigen matching with graft survival is strongest during the first 6 to 12 months period after transplantation. 13, 46 Overall, the imputed HLA-DRB1 AA MMs had a stronger association with GF than that of HLA-A and HLA-B on AA MMs (see page 14-18 and Table S6 and S7, SDC, http://links.lww. com/TP/B402); the influence of AA MMs of these 3 HLA loci on graft survival may be additive as previously reported for HLA antigen matching. 46 Importantly, estimated AA MMs at particular positions in the HLA-DRB1 peptide-binding groove including the pockets account for a significant incremental risk of GF that was independent of the well-known association of HLA antigen MMs. Within any given HLA-DRB1 antigen MM, there is variability in the degree of nonself AA at peptide-binding sites that can influence alloreactivity leading to GF; this structural variability cannot be assessed by the simple count of DRB1 antigen MM (1 or 2 MM) alone. However, the distinction between the associations of specific AAs with GF is not simple, due to the well-known complex linkage disequilibrium patterns of polymorphic AAs in the binding site of HLA class I and class II molecules. 41, 47 In addition, this linkage disequilibrium makes it difficult to evaluate the interactions between individual AA MMs that were significantly associated with GF.
Our findings demonstrate important clinical ramifications of prior structural and functional studies highlighting the importance of AA substitutions at peptide-binding sites of HLA molecules in altering T cell allorecognition 5, 17, 19 and alloantibody specificity. 7, 8 Both direct T cell allorecognition as well as Correlations of imputed HLA AA MMs for HLA-DRB1 was evaluated using a Pearson correlation between the probabilities of no MM at 1 position compared with the probability of no MM at another position using a sample size of 23,095 donor-recipient pairs from the cohort examined in this study. The observed highly correlated AA MM sites for each HLA-DRB1 locus is due to the well-known complex linkage disequilibrium patterns of the polymorphic AAs in the binding site of HLA class I and class II molecules. 44 A worm representation model of AA sequences was produced using a Cn3D macromolecular structure viewer to view 3-dimensional structures from the NCBI's Entrez Structure database. (http://www.ncbi.nlm.nih.gov/Structure/ CN3D/cn3d.shtml). The functional and structural correlates of AA polymorphisms and interacting residue positions were based on a previously published report. 2 Correlations plot of imputed HLA AA MMs for HLA-DRB1 was evaluated using a Pearson correlation between the probabilities of no MM at 1 position compared with the probability of no MM at another position using a sample size of 23,095 donor-recipient pairs from the cohort examined in this study. The observed highly correlated AA MM sites for each HLA-DRB1 locus is due to the well-known complex linkage disequilibrium patterns of the polymorphic AAs in the binding site of HLA class II molecule. indirect T cell allorecognition could play an important role in GF. 48 A major source of alloreactivity is thought to be T cell receptor cross-reactivity between distinct HLA allelic variants from the same HLA class I (or class II) gene.
2,4-6 Furthermore, HLA AA substitutions can significantly impact the indirect pathway of T cell allorecognition wherein the allogeneic graft HLA molecule itself is degraded into peptides and presented on host HLA molecules; the antigenic peptides can arise from cleft and noncleft regions of the HLA molecules secondary to AA polymorphisms in these regions.
Our finding is reminiscent of several reports describing the importance of HLA-DRB1 AA substitution affecting peptidebinding pockets in conferring susceptibility or resistance to several immune-mediated diseases by restricting the nature of peptides that can be accommodated in the HLA pockets of the antigen binding groove, 41, 44, 47, 49, 50 further underlying the clinical importance of HLA AA polymorphisms at peptidebinding pockets.
Only a few studies to date have evaluated the association of HLA class II AA MMs with the risk of kidney allograft survival using the epitope/eplet matching algorithm; these studies were single-center studies and were based on a small sample size. 21, 25 A key strength of our study is the use of a very large registry of the United Network for Organ Sharing data set. The very large sample size serves to mitigate possible errors to a large extent and provides a more comprehensive coverage of HLA AA polymorphism associated with a racially/ethnically diverse transplant population. In addition, these previous studies picked the most likely allele corresponding to an HLA 2-digit specificity, ignoring other HLA alleles which are present with a lower frequency in a particular population; thus, introducing a high degree of uncertainty as compared to the multiple imputations approach described in our study. Limitation in defining HLA epitopes/eplets without allele level data is upheld by Duquesnoy et al. 26, 51, 52 Other studies used the epitope/eplet algorithm to assess the magnitude of humoral sensitization. In these studies, the algorithm, based on AA polymorphisms in antibody accessible sites of the HLA molecules, was used for the definition of acceptable MMs and HLA compatibility for highly sensitized patients. 26 The multiple imputation of HLA alleles we applied in this study is a well-accepted tool to use when high-resolution HLA typing is not feasible due to the high cost and lack of access to a sufficient number of archived samples, as in our study. 37 This imputation is at the core of the National Marrow Donor Program Haplostats algorithm that has been widely used during the past several years to convert donor and recipient low-resolution HLA haplotypes to the most likely high-resolution alleles when HLA high resolution typing is not available 53 ; a cross validation of an imputation-based HLA allele matching algorithm from 7 different allogeneic hematopoietic stem cell donor registries was recently reported, supporting the reproducibility of this imputation algorithm. 54 Although this cross validation was done in the context of stem cell transplantation, imputation of HLA alleles using the Haplostats algorithm has been previously used in the setting of solid organ transplantation. 21, 25 These findings lend additional strength to the interpretation of our results and the ensuing consequences regarding kidney transplantation.
A potential limitation remains in the current study related to the uncertainty of the estimate of HLA AA MMs due to the imputation process. This was relatively small for most HLA-A, B, and DRB1 AA sites (see page 7 and 8 and Figures S3  and S4 , SDC, http://links.lww.com/TP/B402). This was not unexpected because the bulk of AA MMs depends mainly on the mismatched HLA antigens, which were not imputed. Because some degree of uncertainty exists at a few imputed AA MM sites (mainly positions 57, 71, 74, and 86 of DRB1), the measurements of HR associated with these sites are likely to have a higher standard error. However, these measurement errors would generally result only in a power reduction, underestimating the degree of the association of AA MM with GF but not result in an increased type 1 error (detecting an association that is not present).
The computational approach we used may not efficiently capture the magnitude of the association of HLA MMs with GF because we examined HLA AA MMs at single AA variable sites and did not consider combinations of AAs that might be better suited to explain the biological differences among various HLA molecules. 41, 47 Furthermore, in this study, we did not interrogate polymorphic AA sites outside the HLA binding groove; some of these sites could also have a functional role. We also did not evaluate structural differences secondary to biochemical differences from AA substitutions for each variable site of HLA class I and class II molecules that could impact immunogenicity; immunogenicity associated with AA MMs could not be evaluated in this study. Additionally, given the strong linkage disequilibrium between HLA-DRB1, DQB1, and DQA1 alleles, DQA1 and/or DQB1 MMs could partially explain the observed association of DRB1 AA MM with GF. However, the constraint due to this linkage disequilibrium is likely to be minimized by the adjustment we have made for HLA-DRB1 antigen (2-digit specificity) MM.
In summary, estimated AA MMs at particular positions in the HLA-DRB1 peptide-binding groove including the pockets account for the main incremental risk of GF attributable to the HLA AA MMs beyond those MMs assessed at the antigenic specificity. This study highlights the importance of considering AA MMs at solvent unexposed/peptide-binding sites of HLA-DRB1 molecule in the assessment of the risk of GF. Although our findings are not definitive and merit further investigation, we believe it is important to apply the newest scientific concepts and the most precise technologies to define HLA compatibility barriers so we can advance this field and improve transplantation outcomes. The introduction of highresolution typing and next-generation sequencing are moving the transplantation field towards practical clinical applications for AA sequence based matching. Our data provide a reasonable justification for future studies to confirm our findings and to assess the incremental risk of GF associated with DQA1 and DQB1 AA variation at individual positions in these molecules.
